Decades of work have identified the signaling pathways that regulate the differentiation of chondrocytes during bone formation, from their initial induction from mesenchymal progenitor cells to their terminal maturation into hypertrophic chondrocytes. Here, we review how multiple signaling molecules, mechanical signals and morphological cell features are integrated to activate a set of key transcription factors that determine and regulate the genetic program that induces chondrogenesis and chondrocyte differentiation. Moreover, we describe recent findings regarding the roles of several signaling pathways in modulating the proliferation and maturation of chondrocytes in the growth plate, which is the 'engine' of bone elongation.
Introduction
The commitment of mesenchymal cells to the chondrogenic lineage is a key event in the formation of bones. With the exception of the bones in the cranial vault, parts of the jaw and the medial part of the clavicle [which all form via intramembranous ossification (Hall and Miyake, 1992; Ornitz and Marie, 2002) ], the vertebrate skeleton is formed by the process of endochondral bone formation. During this process, each skeletal element is first established from mesesenchymal progenitors and is then patterned as cartilage, which is later replaced by bone (Fig. 1) . Mesenchymal progenitors that originate from the cranial neural crest, somites and lateral plate mesoderm contribute to the craniofacial, axial and limb skeleton, respectively. Condensations of such mesenchymal cells express the transcription factor Sox9, which is a key regulator of chondrogenesis, and give rise to cartilage primordia consisting of round immature chondrocytes that continue to express Sox9 (Bi et al., 1999; Akiyama et al., 2002) . Cells lying within the central regions of the cartilage primordia then undergo maturation (Fig. 1) . During this process, chondrocytes withdraw from the cell cycle and increase ∼20-fold in volume (Cooper et al., 2013) , giving rise to cells that are termed hypertrophic chondrocytes. As the cartilage continues to grow longitudinally, it continually deposits hypertrophic chondrocytes in its wake. These are subsequently replaced by bone in a region known as the primary ossification center. The production and maturation of chondrocytes is eventually restricted to the end of the bone (the epiphysis) in a structure termed the growth plate. A secondary ossification center then arises within the epiphysis, separating the growth plate from the distal ends of the long bones.
During the process of endochondral bone formation, the cellular features and expression profiles of chondrocytes progressively change (Fig. 2) . Within the growth plate, small round distally located chondrocytes initially give rise to flattened chondrocytes that are more centrally located in the cartilage primordia, and which proliferate and stack into longitudinal columns. These immature chondrocytes express the transcription factors Sox5, Sox6 and Sox9, and the structural proteins collagen, type II, α1 (Col2a1) and aggrecan (Acan). The next stage of maturation into prehypertrophic chondrocytes is marked by the expression of both parathyroid hormone 1 receptor (Pth1r) and Indian hedgehog (Ihh). This is followed by maturation into early hypertrophic chondrocytes that express collagen, type X, α1 (Col10a1). Notably the induction of Pth1r, Ihh and, subsequently, Col10a1 correlates with the loss of Sox5, Sox6, Sox9, Col2a1 and Acan expression. Finally, Col10a1-expressing cells lose expression of this collagen and progress to become late hypertrophic chondrocytes, which express vascular endothelial growth factor A (VEGFA), matrix metalloproteinase 13 (Mmp13) and secreted phosphoprotein 1 (also known as, osteopontin/bone sialoprotein 1; Spp1). VEGFA and Mmp13 expression herald the invasion of the growth plate by endothelial cells, osteoclasts and osteoblast precursors. Osteblast precursors that arise from both the perichondrium (Maes et al., 2010) and the hypertrophic chondrocytes (Yang et al., 2014) work together with osteoclasts to remodel the growth plate matrix to form trabecular bone.
Work over the past few decades, using both in vitro and in vivo systems, has identified a multitude of signaling and transcription factors, as well as changes in cell shape (see Box 1), that regulate these progressive changes in chondrocytes, from their initial induction to their terminal maturation. These findings have implications both for understanding the basic biology of cartilage and bone, and for understanding how disruption of this finely tuned process of chondrocyte maturation results in various skeletal pathologies. In this Review, we first describe the signaling pathways and transcription factors that regulate the specification of mesenchymal cells as chondroprogenitors. We then concentrate on the establishment of the growth plate and the factors that regulate the balance between chondrocyte proliferation and differentiation.
The initiation of chondrogenesis
The molecular events that regulate the differentiation of mesenchymal cells into chondrocytes are still largely unknown. Although some of the signaling molecules that are necessary for the induction of this process have been identified, our understanding of the downstream molecular pathways that promote chondrogenesis is still a work in progress. Below, we summarize current knowledge of the molecular players that participate in initiating chondrogenesis.
Shh induces chondrogenic competence in sclerotomal cells by inducing Sox9 expression
During development, the somite undergoes a stereotypical process of differentiation. The ventral region becomes mesenchymal and forms the sclerotome, precursor to the vertebrae and to the medial part of the ribs (Kato and Aoyama, 1998) . A signaling molecule known to be crucial for sclerotome induction is sonic hedgehog (Shh) (Chiang et al., 1996) , a member of the hedgehog family of proteins that is expressed by both the notochord and the floorplate of the neural tube. Interactions between Shh and the patched transmembrane receptors Ptch1 and Ptch2 cause another transmembrane protein, smoothened (Smo) , to translocate to the base of the primary cilium. This leads to activation of Gli transcription factors (Gli1, Gli2 and Gli3), which in turn regulate the expression of hedgehog-responsive genes (reviewed by Wilson and Chuang, 2010) . Shh signaling has been found to play multiple roles in sclerotome formation: promoting the survival of somitic cells (Teillet et al., 1998) , an epithelial-mesenchymal transition of the sclerotome via induction of Snail (Li et al., 2006) and, finally, the induction of sclerotome-specific markers such as Pax1, Sox9 and Nkx3-2 (reviewed by Monsoro-Burq, 2005) . In addition to Shh, noggin (Nog) (which is expressed in the notochord) and gremlin 1 (Grem1) (which is expressed in the dorsal neural tube and somites) cooperate to maintain a BMP signaling-free zone that is crucial for Shh-mediated sclerotome induction (Stafford et al., 2011) . Mice engineered to lack Shh fail to form vertebrae (Chiang et al., 1996) , indicating that Shh signaling is crucial for the formation of vertebral cartilage. Nevertheless, the subsequent differentiation of sclerotome into cartilage does not depend on maintained Shh signaling (Murtaugh et al., 1999) . Instead, Shh signals induce the expression of Sox9 and the transcription factor Nkx3-2, which indirectly maintains Sox9 expression in somitic cells (Zeng et al., 2002) . In addition, bone morphogenetic protein (BMP) signals maintain the expression of these genes after their initial induction by Shh, although they cannot induce the expression of either Sox9 or Nkx3-2 in presomitic paraxial mesodermal cells that have not yet been exposed to Shh signaling (Murtaugh et al., 2001; Zeng et al., 2002) . Provided that BMP signals are present, Sox9 can both regulate its own expression (Kumar and Lassar, 2009; Mead et al., 2013) and induce expression of Nkx3-2 (Zeng et al., 2002) . Nkx3-2 is a BMP-dependent transcriptional repressor (Kim and Lassar, 2003) that blocks the expression of inhibitor(s) of Sox9 transcription (Zeng et al., 2002) . It was recently found that Nkx3-2 blocks BMPdependent expression of several GATA transcription factors (Gata4, Gata5 and Gata6) in explants of paraxial mesoderm, and that these GATA factors can in turn block Shh-dependent induction of Sox9 gene expression (Daoud et al., 2014) (Fig. 3) .
Chondrogenic competence in the limb bud is differentially modulated by Wnt and FGF signaling In the limb bud, the formation of cartilage is restricted to the core of the limb bud mesenchyme by signals from the ectoderm that block cartilage formation in the periphery of this tissue (Solursh, 1984) . The ectopic expression of Wnts that signal via β-catenin/Lef1/Tcf block cartilage formation in the limb bud (Rudnicki and Brown, 1997; Hartmann and Tabin, 2000) . Indeed, conditional loss of β-catenin expression in either limb or head mesenchymal progenitors both increases the expression of Sox9 in these progenitor cells and induces chondrocyte formation at the expense of osteoblasts (Day et al., 2005; Hill et al., 2005) . In addition to Wnts secreted by the limb bud ectoderm, FGFs secreted by the apical ectodermal ridge (AER) are necessary to maintain: (1) limb bud outgrowth (Niswander et al., 1993; Fallon et al., 1994; Sun et al., 2002) ; (2) the viability of a chondrogenic precursor pool that gives rise to the cartilage templates of the limb (Dudley et al., 2002; Sun et al., 2002) ; and (3) the competence for limb bud mesenchymal cells to undergo chondrogenesis once the Wnt signals are removed (ten Berge et al., 2008) . In addition, FGF signals have been demonstrated to boost the expression of Sox9 in primary chondrocytes via a mitogen-associated protein kinase (MAPK)-dependent pathway (Murakami et al., 2000) .
Recently, it was demonstrated that Wnt signals induce both a repressive chromatin mark (H3K27me3) and DNA methylation over the Sox9 promoter, and that Wnt-induced irreversible silencing of the Sox9 gene requires DNA methylation of this locus that is specifically countered by FGF signals FGF blocks the recruitment of the de novo DNA methyltransferase DNMT3A to the Sox9 promoter by inducing the interaction and phosphorylation of DNMT3A by extracellular-regulated kinase (ERK) 1 and ERK2, and thereby controls whether the expression of Sox9 is irreversibly or reversibly silenced by Wnt signals in limb bud mesenchymal cells . Taken together, these findings suggest that Wnts secreted by the ectoderm act via a β-catenin-dependent pathway to block Sox9 expression and cartilage formation in limb bud mesenchymal cells, and that FGF signaling maintains chondrogenic competence of these cells by blocking DNA methylation of the Sox9 promoter. Although the signaling centers and the signals they produce to regulate limb and vertebra patterning and growth have been identified, we still lack a complete understanding of how these signals are interpreted and integrated into the genetic program that drives the induction of chondrogenesis.
TGFβ signaling in chondrogenesis
The role of transforming growth factor β (TGFβ) signaling in chondrogenesis has long been controversial. Gain-of-function studies in cell culture models suggest that TGFβ triggers chondrogenesis (Carrington et al., 1991; Leonard et al., 1991; Chimal-Monroy and Diaz de Leon, 1997; Merino et al., 1998; Karamboulas et al., 2010) . However, blocking TGFβ signaling in the limb mesenchyme by targeting the expression of TGFβ receptor 2 (Tgfbr2) has some effect on chondrocyte differentiation and on joint formation in the digits (Seo and Serra, 2007; Spagnoli et al., 2007) but appears not to affect the initial stages of chondrogenesis. Recent findings have demonstrated that the cartilaginous anlagen of long bones are formed modularly, from two distinct pools of progenitor cells (Blitz et al., 2013) . The first pool, which contains Sox9-positive progenitors, forms the primary structure of the cartilaginous anlage. The second pool differs from the first in that it contains progenitors that express both Sox9 and the transcription factor scleraxis (Scx). These Sox9 + Scx + progenitors give rise to bone eminences (Sugimoto et al., 2013) : the superstructures that serve for articulation and for muscle insertion via tendons. Although TGFβ signaling inhibition has limited effects on the formation of Sox9 + Scx − progenitors, TGFβ signaling is absolutely necessary for both formation of the Sox9+Scx+ progenitor population and the subsequent development of bone eminences (Blitz et al., 2013) . It may be relevant in this regard that Smad2 and Smad3, which transduce TGFβ signaling, have been documented to interact with Sox9, recruit the transcriptional co-activators CBP/p300 to this transcription factor and increase Sox9 transcriptional activity (Furumatsu et al., 2005) .
BMP and PKA signaling positively regulate the initiation of chondrogenesis, whereas RA signaling blocks this process BMPs also play a crucial role in the formation and differentiation of cartilage. The mis-expression of BMPs or of activated BMP receptors in the limb bud results in ectopic chondrogenesis (Duprez et al., 1996; Zou et al., 1997) . Conversely, inhibiting BMP signaling with dominant-negative BMP receptors or with the soluble BMP antagonist Nog inhibits the formation of cartilage in vivo and in vitro (Kawakami et al., 1996; Zou et al., 1997; Capdevila and Johnson, 1998; Murtaugh et al., 1999) . In micromass cultures, BMP signaling initially regulates the compaction of mesenchymal cells that is required to acquire a cohesive cell behavior (Barna and Niswander, 2007) (Liu et al., 2002; Hung et al., 2007) , PTHrP (St-Jacques et al., 1999) , CNP (Chusho et al., 2001) , EGF/TGFα (Ren et al., 1997) , Ihh , VEGFA (Zelzer et al., 2001 ) and RANKL (Zhang et al., 2011) . Receptors: Fgfr1 (Jacob et al., 2006) , Fgfr2 (Yu et al., 2003 ), Fgfr3 (de Frutos et al., 2007 , Pth1r de Frutos et al., 2007) , Npr2 (Yamashita et al., 2000) , Npr3 (Yamashita et al., 2000) and Egfr (Zhang et al., 2013) . Transcription factors: Sox5/6/9 , Runx2 (Inada et al., 1999; Kim et al., 1999) , Mef2c and Mef2d (Mef2c/d) (Arnold et al., 2007) , Foxa2 (Ionescu et al., 2012) , and Zfp521 (Correa et al., 2010) . Structural proteins: aggrecan (Acan) (Inada et al., 1999) , Col2a1 (de Frutos et al., 2007) , Col10a1 (de Frutos et al., 2007) , Mmp9 and Mmp13 (Mmp9/13) (Inada et al., 1999) , and Spp1 (Inada et al., 1999) . Others: Hdac4 (Vega et al., 2004) , Sik3 (Sasagawa et al., 2012) and reactive oxygen species (ROS) (Morita et al., 2007) . For a comprehensive review of the expression pattern of BMP and TGFβ ligands and receptors, see Minina et al. (2005) .
differentiation (Roark and Greer, 1994) . The BMP receptors Bmpr1a and Bmpr1b have overlapping functions; mice lacking both of these receptors display a lack of Sox5, Sox6 and Sox9 expression in precartilaginous condensations and a marked absence of chondrocyte formation (Yoon et al., 2005) . In addition, conditional knockout of BMP-regulated Smad proteins (i.e. Smad1, Smad5 and Smad8) in chondrocytes leads to severe chondrodysplasia (Retting et al., 2009) , indicating that BMP signaling is necessary not only for the initiation of chondrogenesis but also for the maintenance of this differentiation program. Recently, BMP-regulated Smads were demonstrated to regulate gene expression in early Xenopus embryos via interaction with Sox5 (Nordin and Labonne, 2014) . This study demonstrated that both Sox5 and Sox6 could bind to Smad1 (Nordin and Labonne, 2014) , so it seems plausible that these transcription factors may also transduce BMP signals to activate chondrogenic differentiation. Lyons and colleagues noted that the chondrocyte-specific knockout of Bmpr1a and Bmpr1b resulted in both defective maturation of chondrocytes, from a resting to a columnar proliferating state, and in an inability of hypertrophic chondrocytes to complete terminal differentiation (Yoon et al., 2006) . The requirement for BMP signaling to promote chondrocyte maturation is consistent with the finding that C-terminal phosphorylated Smad1/5 is most evident in columnar proliferating chondrocytes in the growth plate (Yoon et al., 2006; Retting et al., 2009 ). Another factor that plays an important role in chondrocyte differentiation is protein kinase A (PKA). Pharmacological inhibition of PKA with the PKA antagonist H89 efficiently blocks the chondrogenic differentiation of limb bud micromass cultures (Lee and Chuong, 1997; Yoon et al., 2000) . PKA-mediated phosphorylation of Sox9 increases the transcriptional activity of this crucial chondrogenic transcription factor , which may explain the necessity for this signaling pathway in the initiation of chondrogenesis. In contrast to PKA signaling, which promotes chondrogenesis, retinoic acid (RA) signaling represses the induction of this differentiation program. The inhibition of RA receptor-mediated signaling in primary cultures of mouse limb bud mesenchyme increases both Sox9 expression and activation of Sox9 transcriptional targets (Weston et al., 2002) . Administration of RA to murine epiphyseal chondrocytes induces the expression of both Wnt ligands and their receptors, and thereby increases the expression of Lef/Tcf reporters (Yasuhara et al., 2010) , suggesting that the RA signaling pathway may block Sox9 expression in part by promoting canonical Wnt signaling (Fig. 3 ).
Hif1α is a positive regulator of chondrogenesis
During the initial stages of chondrogenesis, the limb vasculature undergoes a remodeling process that renders the condensing mesenchyme and the developing cartilaginous template avascularized. The regression of blood vessels from the developing cartilage induces a localized reduction in oxygen tension, thus forming hypoxic niches. Several studies have identified hypoxia-inducible factor 1 α (Hif1α), a basic helixloop-helix transcription factor that is expressed in such hypoxic conditions, as a positive regulator of chondrogenesis. Hif1α was shown to promote the expression of Sox9 and to elevate the expression of glycolytic enzymes and glucose transporters to allow chondrocyte differentiation and adaptation to hypoxic conditions (Pfander et al., 2003; Amarilio et al., 2007) . Hif1α was also shown to upregulate VEGFA expression in the growth plate (Schipani et al., 2001; Zelzer et al., 2004) as well as promote collagen hydroxylation to enable collagen secretion by hypoxic chondrocytes (Bentovim et al., 2012) .
In summary, although we know some of the signaling pathways that drive the differentiation of mesenchymal cells into chondrocytes, the transcriptional regulatory elements that lie downstream of these pro-chondrogenic signaling pathways have yet to be completely elucidated. We speculate that the identification of the regulatory elements that control Sox9 expression downstream of these signaling pathways may reveal additional molecular players that transduce patterning information to coordinate skeletal development.
The transcriptional regulation of chondrocyte maturation
In contrast to our limited knowledge about the mechanisms that regulate the initial steps of chondrogenesis, we currently have a good understanding of the transcriptional regulation of chondrocyte differentiation and maturation, once these cells have committed to the chondrogenic lineage. Below, we describe both the positive and Box 1. Cell shape and cytoskeletal changes regulate chondrogenesis Limb bud mesenchymal cells can undergo chondrogenesis in culture when plated at extremely high density (termed micromass culture) (Ahrens et al., 1977; Osdoby and Caplan, 1979) or at low density but only when these cells are plated in either suspension culture (Levitt and Dorfman, 1972; Solursh and Reiter, 1975) or collagen gels (Solursh et al., 1982) . This leads to speculation that a spherical cell shape might promote chondrogenesis (Zanetti and Solursh, 1984) . Consistent with these findings, recent work has established that the culture of 'dedifferentiated' primary chondrocytes in either agarose (Benya and Shaffer, 1982) or alginate (Bonaventure et al., 1994; Reginato et al., 1994; Kumar and Lassar, 2009 ) can induce re-expression of the chondrocyte phenotype and simultaneously induce depolymerization of the actin cytoskeleton. Other studies have established that RhoA activation can block both Sox9 expression and chondrogenic differentiation, and that inhibition of RhoA kinase signaling or pharmacological disruption of the actin cytoskeleton can promote both Sox9 expression and chondrogenic differentiation in some but not all cellular contexts (Woods et al., 2005; Woods and Beier, 2006) . In addition to controlling Sox9 expression, RhoA signaling and modulation of actin polymerization can directly control the transcriptional activity of Sox9 (Kumar and Lassar, 2009 ). negative regulators of the chondrogenic differentiation program, specifically focusing on molecular interplay between different transcriptional regulators (summarized in Fig. 4 ).
Multiple roles for Sox9 in chondrocyte differentiation and maturation
The transcription factor Sox9 is necessary for mesenchymal cells to commit to and to execute the chondrogenic differentiation program; in its absence, chondrogenesis is blocked (Bi et al., 1999; Akiyama et al., 2002) . Sox9 both directly activates chondrocyte differentiation markers Lefebvre et al., 1997 Lefebvre et al., , 1998 Ng et al., 1997; Zhou et al., 1998) and induces the expression of Sox5 and Sox6 (Akiyama et al., 2002) , which work together with Sox9 to activate the chondrocyte differentiation program Smits et al., 2001 ). Sox9 expression is also necessary to sustain chondrocyte survival through a PI3K-AKT pathway (Ikegami et al., 2011; Dy et al., 2012) and has been noted to block chondrocyte maturation into hypertrophic cells. Sox9 loss of function leads to premature maturation of immature chondrocytes into hypertrophic cells (Bi et al., 2001; Akiyama et al., 2002) . Conversely, overexpression of Sox9 in either immature or hypertrophic chondrocytes of the growth plate slows the process of chondrocyte hypertrophy (Akiyama et al., 2004) .
There are several possible mechanisms by which Sox9 might repress chondrocyte hypertrophy. First, Sox9 was found to interact with β-catenin, induce its degradation and thereby block canonical Wnt signaling (Akiyama et al., 2004; Topol et al., 2009) . As this signaling pathway has been demonstrated to promote chondrocyte hypertrophy (Hartmann and Tabin, 2000; Enomoto-Iwamoto et al., 2002; Tamamura et al., 2005; Später et al., 2006) , Sox9-mediated destruction of β-catenin may thereby disrupt this maturation process. Second, Sox9 has been demonstrated both to interact directly with and to block the activity of the transcription factor Runx2 (Runt-related transcription factor 2) (Zhou et al., 2006) , which plays a crucial role in directing chondrocyte maturation (discussed below). Third, Sox9 can directly repress genes that are normally expressed by hypertrophic chondrocytes, such as Col10a1 and Vegfa (Hattori et al., 2010; Leung et al., 2011) . Last, it has been shown that Sox9 is necessary to maintain proliferation of columnar chondrocytes, to delay expression of markers of prehypertrophic chondrocyte differentiation and, strikingly, to prevent the differentiation of chondrocytes into osteoblasts by lowering both β-catenin signaling and Runx2 expression (Dy et al., 2012) . In addition, it has been shown that Sox9 plays an additional role to activate the expression of Col10a1 specifically in early hypertrophic chondrocytes by directly binding to the promoter of this gene (Dy et al., 2012) . Taken together, these findings suggest that Sox9 blocks the maturation of immature columnar chondrocytes into prehypertrophic ones, while promoting the initial induction of Col10a1 in early hypertrophic chondrocytes.
Positive transcriptional regulators of chondrocyte hypertrophy in the growth plate Runx family transcription factors
The Runt family transcription factors Runx2 and Runx3 (also known as Cbfa1 and Cbfa3, respectively) are vital for promoting chondrocyte hypertrophy. Runx2 is expressed in prehypertrophic and hypertrophic chondrocytes of the growth plate and in the perichondrium (Inada et al., 1999; Kim et al., 1999) . The activation of canonical Wnt signaling in chicken chondrocytes increases Runx2 expression (Dong et al., 2006) , which may in part explain how this signaling pathway promotes chondrocyte hypertrophy. Either genetic ablation of Runx2 or the expression of dominantnegative Runx2 in mice results in delayed and greatly diminished chondrocyte hypertrophy (Inada et al., 1999; Kim et al., 1999; Ueta et al., 2001) . Conversely, the ectopic expression of Runx2 in immature chondrocytes drives premature cellular maturation and induces the expression of Col10a1 and other hypertrophic markers, both in vivo (Takeda et al., 2001; Ueta et al., 2001; Stricker et al., 2002) and in vitro (Enomoto et al., 2000) . Several studies demonstrate that Runx2 can directly bind to the regulatory sequences that drive the expression of Ihh (Yoshida et al., 2004) , Vegfa (Zelzer et al., 2001) , Col10a1 (Drissi et al., 2003; Zheng et al., 2003) and Mmp13 (Selvamurugan et al., 2000) . Runx2 has also been found to interact with BMP-regulated Smads (Hanai et al., 1999; Zhang et al., 2000; Javed et al., 2008) and is thus a likely candidate to transduce BMP signals to activate hypertrophic chondrocyte gene expression. There is redundancy between Runx-family members in the control of chondrocyte hypertrophy. The genetic ablation of Runx3 in mice results in a slight delay in both chondrocyte hypertrophy and vascular invasion into the cartilage; neonatal skeletal development was normal in these animals (Yoshida et al., 2004) . By contrast, Runx2;Runx3 double knockout animals display a complete absence of chondrocyte maturation, a phenotype that is considerably more severe than that seen following Runx2 inactivation alone (Yoshida et al., 2004) .
Mef2 family transcription factors
Mef2c and Mef2d, which are members of the myocyte enhancer factor 2 (Mef2) family of transcription factors, are also expressed in prehypertrophic and hypertrophic chondrocytes. Mef2c loss of function in chondrocytes results in shortening of the bones, a delay in chondrocyte hypertrophy and downregulation of Runx2 expression (Arnold et al., 2007 Lefebvre, 2002) . By contrast, the process of chondrocyte hypertrophy is regulated by Runx2 and Runx3 (Inada et al., 1999; Kim et al., 1999; Yoshida et al., 2004) , Mef2c and Mef2d (Arnold et al., 2007) , and Foxa2/3 (Ionescu et al., 2012) . Both direct interactions and/or regulatory relationships between these and other transcriptional regulators are displayed. See text for details. Acan, aggrecan; Col2a1, collagen, type II, α1; Col10a1, collagen, type X, α1; Mmp13, matrix metalloprotein 13; Spp1, osteopontin/bone sialoprotein 1; VEGFA, vascular endothelial growth factor A.
protein in chondrocytes results in the opposite phenotype of premature and excessive endochondral ossification (Arnold et al., 2007) . These results indicate that Mef2c functions upstream of Runx2, and is necessary to either induce or maintain Runx2 expression in hypertrophic chondrocytes.
FoxA family transcription factors
When overexpressed, Runx2 and Mef2c can readily activate the expression of hypertrophic chondrocyte-specific genes, such as Col10a1, in chondrocytes (Zheng et al., 2003; Arnold et al., 2007) ; however, they fail to activate Col10a1 expression in fibroblasts (Kempf et al., 2007; Ionescu et al., 2012) , suggesting that they require another chondrocyte-specific co-factor for this activity. Recently, members of the forkhead box A (FoxA) family of transcription factors were identified as part of the transcriptional network that regulates chondrocyte differentiation. Foxa3 is expressed in both immature and hypertrophic chondrocytes, although Foxa3-null animals do not display any obvious skeletal phenotype (Kaestner et al., 1998; Shen et al., 2001 ). Foxa2 expression, by contrast, is restricted to hypertrophic cells (Ionescu et al., 2012) . Loss of function of Foxa2 in the chondrocytes of Foxa3 knockout mice leads to decreased expression of hypertrophic markers such as Col10a1 and Mmp13 (Ionescu et al., 2012) . Furthermore, the skeletal defects resulting from chondrocytespecific loss of Foxa2 are exacerbated in a Foxa3-null background (Ionescu et al., 2012) , suggesting that Foxa2 and Foxa3 share overlapping roles in the growth plate to promote chondrocyte hypertrophy.
Negative regulators of chondrocyte hypertrophy in the growth plate
The transcriptional network that modulates chondrocyte differentiation also includes negative regulators. One of the best characterized of these is histone deacetylase 4 (Hdac4), a member of the class II HDACs that was found to repress both Runx2 and Mef2 activity (Vega et al., 2004; Kozhemyakina et al., 2009; Correa et al., 2010) (Fig. 5A ). Hdac4 is expressed in prehypertrophic chondrocytes, consistent with the finding that Hdac4 loss of function causes premature chondrocyte hypertrophy (Vega et al., 2004) . Hdac4 can either directly interact with Runx2 and inhibit its activity (Vega et al., 2004) or indirectly repress Runx2 transcriptional activity by binding to the zinc-finger transcriptional co-regulator Zfp521, which in turn binds to Runx2 and blocks its transcriptional activity (Correa et al., 2010) . The activity of class II HDACs is, in turn, regulated by signaling pathways (Fig. 5B) that either promote or block HDAC phosphorylation (on S246 in Hdac4) and thereby modulate its interaction with 14-3-3 proteins (Grozinger and Schreiber, 2000; McKinsey et al., 2000b) . Many 14-3-3 family members are located in the cytoplasm, where they interact with other proteins containing a phosphorylated serine located in an RXX-SXP consensus binding motif. As S246 in Hdac4 is located in one such 14-3-3-binding motif, phosphorylation of S246 results in the interaction of Hdac4 with 14-3-3 proteins in the cytoplasm (McKinsey et al., 2000a; Wang et al., 2000) . This interaction shields the Hdac4 nuclear localization signal and simultaneously blocks entry of Hdac4 into the nucleus and stimulates its nuclear export (Wang and Yang, 2001) . As a consequence, nuclearlocalized Runx and Mef2 family members do not interact with Hdac4, and thus are free to activate their transcriptional targets efficiently.
In immature chondrocytes, which are found in both the resting and columnar zones of the growth plate, the paracrine hormone parathyroid hormone-related protein (PTHrP) induces PKA activity to promote dephosphorylation of S246 on Hdac4 by protein phosphatase 2A (PP2A). This allows Hdac4 to translocate into the nucleus and to inhibit the activity of both Mef2 and Runx family members (Kozhemyakina et al., 2009; Correa et al., 2010) . As chondrocytes mature, salt-inducible kinase 3 (Sik3), which is specifically expressed in both prehypertrophic and hypertrophic chondrocytes of the growth plate (Sasagawa et al., 2012) , phosphorylates Hdac4 [ presumably on S246; as does Sik1 (Berdeaux et al., 2007; Kozhemyakina et al., 2009) ] and thus promotes Hdac4 phosphorylation and interaction with 14-3-3 proteins in the cytoplasm, with consequent activation of Mef2 transcriptional activity (Fig. 5B) . Indeed, loss of Sik3 causes severe inhibition of chondrocyte hypertrophy in mice (Sasagawa et al., 2012) . Taken together, these observations suggest that Sik3-induced phosphorylation of Hdac4 liberates both Mef2 and Runx family members from interaction with Hdac4, and thus permits the induction of chondrocyte hypertrophy target genes by these key transcriptional regulators. Other transcription factors, such as Nkx3-2 (also known as Bapx1) also play a significant role in attenuating maturation of columnar chondrocytes in the growth plate (Provot et al., 2006) .
Multiple signaling pathways control chondrocyte maturation in the growth plate
The signals that control the induction of cartilage primordia and/or chondrocyte maturation in the growth plate do so by controlling the expression and/or the activity of the above discussed transcription factors. In the following sections, we discuss how the subsequent initiation and progression of chondrocyte hypertrophy is regulated by a number of key ligands, including PTHrP, Ihh, Fgf9, Fgf18, Ctype natriuretic peptide (CNP), insulin-like growth factor (IGF), epidermal growth factor (EGF) and transforming growth factor α (TGFα) (summarized in Fig. 6 ).
PTHrP-mediated regulation of chondrocyte hypertrophy
The paracrine hormone PTHrP and its receptor Pth1r are crucial regulators of chondrocyte proliferation and hypertrophy. PTHrP is expressed at high levels in periarticular resting cells of the growth plate and at lower levels in early proliferating chondrocytes St-Jacques et al., 1999) . Knockout of PTHrP (Pthlh -Mouse Genome Informatics) gene results in diminished chondrocyte proliferation in the growth plate, premature chondrocyte maturation and accelerated bone formation (Karaplis et al., 1994; Lee et al., 1996) . Conversely, PTHrP overexpression in mouse chondrocytes results in delayed chondrocyte differentiation during early development (Weir et al., 1996) . The PTHrP receptor Pth1r is produced at low levels by proliferating growth plate chondrocytes and at a higher level in prehypertrophic cells St-Jacques et al., 1999) . Knockout of Pth1r in mice results in a phenotype that is similar to that of PTHrP-null mice, marked by a reduction of proliferation and premature mineralization of chondrocytes in the growth plate . How does Pth1r signaling slow the progression of chondrocyte hypertrophy? Pth1r is a G-protein-coupled receptor and its activation by PTHrP results in stimulation of both G s (α) and G q (α) signaling pathways, which surprisingly have opposing actions on chondrocyte hypertrophy (Guo et al., 2002) . Stimulation of the G s (α) pathway results in activation of adenylate cyclase (AC) and the production of cAMP, which in turn activates PKA (Guo et al., 2002) . As discussed above, PTHrP-induced PKA activation promotes the translocation of Hdac4 into the nucleus, where it binds to and inhibits the transcriptional activity of Mef2 family members (Kozhemyakina et al., 2009 ). In addition, PTHrP signaling increases the expression of Zfp521 that, as mentioned above, blocks Runx2 transcriptional activity via recruitment of Hdac4 (Correa et al., 2010) . Thus, by both inducing nuclear translocation of Hdac4 and increasing expression of Zfp521, Pth1r signaling blocks the activity of two key families of transcription factors, Mef2 and Runx, that regulate chondrocyte hypertrophy (Fig. 5A) .
A PTHrP-Ihh signaling loop maintains a pool of immature chondrocyte progenitors
PTHrP synthesis in the growth plate is controlled by Ihh , a member of the Hedgehog family of proteins. In the growth plate, Ihh is expressed and secreted by prehypertrophic and early hypertrophic cells . The deletion of Ihh in mice causes a reduction in chondrocyte proliferation, premature chondrocyte hypertrophy and a failure of osteoblast development in endochondral bones (St-Jacques et al., 1999) . Likewise, the conditional deletion of Smo in a cartilage-specific manner decreases chondrocyte proliferation (Long et al., 2001) . How does Ihh control chondrocyte proliferation and maturation in the growth plate? The misexpression of Ihh in chick embryos was found to induce PTHrP expression in the periarticular perichondrium of the growth plate . Conversely, PTHrP expression is absent from the growth plate in Ihh-deficient mice, which display a phenotype that is similar to that of PTHrP-null animals (St-Jacques et al., 1999) . Although increased levels of exogenous Ihh inhibit chondrocyte hypertrophy in the growth plate, the deletion of either PTHrP or Pth1r in mice abolishes this effect Vortkamp et al., 1996) . Notably, the expression of constitutively active Pth1r in the growth plate of Ihh −/− mice reverses premature chondrocyte hypertrophy but fails to rescue decreased chondrocyte proliferation (Karp et al., 2000) . These findings suggest that Ihh controls proliferation and maturation of chondrocytes by both a PTHrPdependent pathway that negatively regulates chondrocyte hypertrophy and a PTHrP-independent pathway that positively regulates chondrocyte proliferation (Karp et al., 2000) .
Ihh promotes chondrocyte proliferation, at least in part by increasing the expression of cyclin D1, which regulates cell cycle progression (Long et al., 2001 ). In addition, Ihh promotes the transition of small round chondrocytes into proliferating chondrocytes, independently of PTHrP expression (Kobayashi et al., 2005) , by inhibiting the repressor activity of Gli3 (i.e. Gli3R) (Koziel et al., 2005) . The analysis of Ihh −/− ;Gli3 −/− double knockout embryos revealed that Gli3 is the key effector of Ihh signaling in chondrocytes. Deletion of Gli3 bypasses the requirement for Ihh to promote proliferation and maturation of chondrocytes, demonstrating that Ihh normally regulates PTHrP expression by antagonizing Gli3R repressor activity (Hilton et al., 2005; Koziel et al., 2005) . Coupling the maintained expression of PTHrP to Ihh expression in prehypertrophic chondrocytes [which is itself repressed by PTHrP signaling ] ensures that not all immature chondrocytes will simultaneously initiate the prehypertrophic/hypertrophic differentiation program and thus deplete the chondrogenic progenitor pool. Thus, Ihh-dependent activation of PTHrP expression maintains a population of immature chondrocytes in the resting and columnar zones of the growth plate. At the time of puberty in humans, the growth plate closes in a manner that is dependent upon estrogen receptor signaling (reviewed by Borjesson et al., 2012) , suggesting that estrogen somehow disrupts maintenance of the PTHrP/Ihh loop.
FGF signaling regulates chondrocyte proliferation and the initiation of chondrocyte hypertrophy
Several FGFs and their cognate receptors exhibit distinct domains of expression in the growth plate and the surrounding perichondrium/periosteum. Fgfr1 is specifically expressed in both the perichondrium/periosteum and in hypertrophic chondrocytes of the growth plate, while being excluded from proliferating chondrocytes (Jacob et al., 2006) . The conditional deletion of Fgfr1 in chondrocytes results in a transient increase in the hypertrophic zone, with no impact on chondrocyte proliferation (Jacob et al., 2006) . Fgfr2 is initially expressed at high levels in the condensed mesenchyme that will give rise to cartilage and bone, and is subsequently expressed in both the perichondrium and periosteum (reviewed by Ornitz and Marie, 2002) . The deletion of Fgfr2 in mesenchymal cells results in marked postnatal dwarfism with reduced thickness of the hypertrophic zone, a failure in osteoprogenitor maturation and abnormal function of mature osteoblasts (Yu et al., 2003) . Fgfr3, which is expressed in the proliferating zone of the growth plate but downregulated in the hypertrophic zone, exhibits a pattern of expression that is complementary to that of Fgfr1 and Fgfr2 (Peters et al., 1993; Deng et al., 1996; Koziel et al., 2005; de Frutos et al., 2007) . Fgfr3-null mice display postnatal elongation of long bones, correlating with an increase in chondrocyte proliferation and elongation of the hypertrophic zone (Colvin et al., 1996; Deng et al., 1996) . Conversely, the overexpression of activated Fgfr3 in the mouse growth plate gives rise to a decrease in chondrocyte proliferation and a small hypertrophic zone, leading to dwarfism (Naski et al., 1998; Chen et al., 1999; Wang et al., 1999b; Segev et al., 2000; Iwata et al., 2001) . Accordingly, several identified human gain-of-function mutations in Fgfr3 result in a spectrum of developmental disorders, including achondroplasia, hypochondroplasia and thanatophoric dysplasia, all of which are marked by rhizomelic shortening of the limbs (see review by Foldynova-Trantirkova et al., 2012) . Therefore, Fgfr3 plays a significant role in growth plate development, acting to inhibit both the rate of chondrocyte proliferation and the initiation of chondrocyte hypertrophy. In addition, it was observed that FGF application accelerates late hypertrophic differentiation in cartilage explant cultures (Minina et al., 2002) , as opposed to inhibiting it, raising the interesting possibility that this signaling pathway may block the initiation of chondrocyte hypertrophy (in prehypertrophic chondrocytes) but subsequently promote the progression of early hypertrophic chondrocytes (i.e. those that express Col10a1) into late hypertrophic chondrocytes (i.e. those that express Mmp13).
Although multiple FGF ligands have been detected during endochondral ossification (for a review, see Degnin et al., 2010) , so far only Fgf9 and Fgf18 have been shown to be relevant for chondrogenesis in vivo Liu et al., 2007) . Fgf9 is expressed in the perichondrium/periosteum, and Fgf9-deficient mice manifest disproportional shortening of proximal skeletal elements, decreased proliferation and delayed chondrocyte hypertrophy during early stages of chondrogenesis , a phenotype resembling an early phenotype of mice with conditional inactivation of Fgfr1 (Jacob et al., 2006) . In addition to regulating chondrocyte proliferation and hypertrophy directly, Fgf9 also regulates chondrocyte maturation indirectly via the Ihh/PTHrP pathway; Ihh, Pth1r and Ptc1 levels are all decreased in Fgf9-null mice . Fgf18 is another ligand expressed in the perichondrium, with low levels of expression also detected in chondrocytes (Liu et al., 2002 (Liu et al., , 2007 . Fgf18 −/− mice exhibit decreased chondrocyte proliferation and delayed initiation of chondrocyte hypertrophy during their early stages of development (E14.5-E15.5) (Liu et al., 2007) and thus phenocopy Fgf9-null mice at this stage of development . By contrast, at later embryonic stages (E16.5-E18.5), Fgf18 −/− mice display an increase in proliferating and hypertrophic zone thickness and an enlarged growth plate, indicating that, at this stage of development, Fgf18 signaling negatively regulates proliferation and maturation of growth plate chondrocytes (Liu et al., 2002) . Consistent with these findings, an activating mutation in Fgfr3 increases chondrocyte proliferation specifically in E14-E15 mice but not in older E18 embryos (Iwata et al., 2000) . At this later stage of development, the phenotype of Fgf18 −/− mice closely resembles that of Fgfr3 −/− mice, which similarly display an increase in chondrocyte proliferation and elongation of the hypertrophic zone (Colvin et al., 1996; Deng et al., 1996) , suggesting that Fgf18 is likely to signal through Fgfr3. Together, these findings imply that the response of chondrocytes to Fgf18 signaling in mice is biphasic: during early stages of development (E14-E15) this signaling pathway promotes both proliferation and the initiation of chondrocyte hypertrophy, while in older embryos (and postnatal mice) this signaling pathway acts to block chondrocyte proliferation and delays the initiation of chondrocyte hypertrophy (Liu et al., 2007) . It is not clear what controls these strikingly different responses to Fgf18 signaling at differing stages of growth plate development. How does Fgfr3 signaling negatively regulate both chondrocyte proliferation and the initiation of chondrocyte hypertrophic differentiation? Two principal signaling pathways -the Stat1 and MAPK pathways -have been reported to mediate Fgfr3 signaling in chondrocytes. The role of the transcription factor Stat1 in FGFinduced inhibition of chondrocyte proliferation was initially proposed by Sahni et al. (1999) . Although the issue of whether Stat1 is downstream of FGF signaling is still debated (Krejci et al., 2008) , deletion of Stat1 was found to reverse both the reduced proliferation and the chondrodysplasic phenotype in the growth plates of mice overexpressing human FGF2 (Sahni et al., 2001) . Notably, however, although Fgfr3-null mice show dramatic postnatal expansion of both the proliferative and hypertrophic chondrocyte zones (Colvin et al., 1996; Deng et al., 1996) , the growth plate of Stat1-knockout mice displays expansion of the proliferative zone only during early postnatal development, which is attenuated at adult stages (Sahni et al., 2001) . Moreover, the ablation of Stat1 in transgenic mice expressing an activated form of Fgfr3 restored proliferation of growth plate chondrocytes but failed to reverse the deficit in chondrocyte hypertrophy induced by activated Fgfr3 signaling (Murakami et al., 2004) . Taken together, these studies suggest that Fgfr3 regulates chondrocyte proliferation via a Stat1-dependent pathway but represses the initiation of chondrocyte hypertrophic differentiation via a distinct signaling pathway. Indeed, Murakami et al. demonstrated that transgenic mice expressing a constitutively active form of MEK1 (Map2k1, mitogen-activated protein kinase kinase 1), which is the activating kinase in the MAPK pathway, in the growth plate displayed dwarfism accompanied by incomplete chondrocyte hypertrophy and a delay in endochondral ossification, while chondrocyte proliferation was unaffected (Murakami et al., 2004) . In addition, the same group found that overexpression of constitutively active MEK1 in the growth plate of Fgfr3-null mice inhibited skeletal overgrowth, which usually occurs in Fgfr3-null mice. Based on their findings, Murakami et al. proposed that Fgfr3 signaling inhibits the initiation of chondrocyte hypertrophy through the MAPK pathway, yet attenuates chondrocyte proliferation through Stat1 (Murakami et al., 2004) . In addition, application of Fgf18 to cultured mouse limb buds attenuates the accumulation of phosphorylated-Smad1/5 (Retting et al., 2009 ) and thereby represses BMP signaling in the growth plate. Because BMP signaling in turn represses expression of the cyclindependent kinase (CDK) inhibitors p16, p21 and p27 in the growth plate (Yoon et al., 2006) , it is possible that Fgfr3/MAPK signaling also blocks chondrocyte proliferation in part by inhibiting BMPmediated repression of these CDK inhibitors. Finally, recent work showed that overexpression of the transcriptional repressor Snail1 in the growth plate leads to achondroplasia in mice, and demonstrated that Snail1 acts downstream of Fgfr3 signaling in chondrocytes (Fig. 5A ) to positively promote both the Stat1 and MAPK pathways (de Frutos et al., 2007) .
CNP-mediated antagonism of Fgfr3 signaling modulates the onset of chondrocyte hypertrophy Natriuretic peptides comprise a family of three structurally related peptides: atrial natriuretic peptide, brain natriuretic peptide and C-type natriuretic peptide (CNP). Natriuretic peptides transmit their signals by activating natriuretic peptide receptors: Npr1 (also known as NPR-A or GC-A) and Npr2 (also known as NPR-B or GC-B), both of which have a guanylate cyclase domain, and Npr3 (also known as NPR-C), which lacks guanylate cyclase activity and is thought to play the role of a clearance receptor that acts to internalize and destroy the ligand (reviewed by Kishimoto et al., 2011) . CNP has the highest affinity for Npr2 and can also bind Npr3, both of which are expressed in chondrocytes (Kishimoto et al., 2011) . In the growth plate, Npr2 is predominantly expressed in proliferating and prehypertrophic chondrocytes (Yamashita et al., 2000; Tamura et al., 2004) , the same regions that express the ligand CNP (Chusho et al., 2001) . Npr3 is specifically expressed in hypertrophic chondrocytes (Yamashita et al., 2000) . Targeted deletion of the gene encoding CNP (Nppc) in mice results in dwarfism, with a decreased height of both the proliferating and hypertrophic zones of the growth plate, and a reduced rate of differentiation into hypertrophic chondrocytes (Chusho et al., 2001 ), a phenotype resembling that seen following the activation of Fgfr3 signaling (Naski et al., 1998; Chen et al., 1999; Wang et al., 1999b; Segev et al., 2000; Iwata et al., 2001) . Notably, this dwarf phenotype can be rescued by cartilage-specific overexpression of CNP (Chusho et al., 2001) , indicating that CNP acts locally within the growth plate. Consistent with these results, the cartilage-specific overexpression of CNP results in bone overgrowth, with increased thickness of both the proliferating and hypertrophic zones within the growth plate (Yasoda et al., 2004) . Moreover, CNP overexpression in cartilage can prevent the dwarfism that results from the expression of activated Fgfr3 in growth plate chondrocytes, indicating that CNP signaling works antagonistically to Fgfr3 signaling (Yasoda et al., 2004) . Remarkably, the systemic administration of either CNP or a CNP pharmacological analog significantly reverses the dwarf phenotype and growth-plate defects in mouse models of achondroplasia (Yasoda et al., 2009; Lorget et al., 2012) .
By binding to its receptor Npr2, CNP promotes the accumulation of intracellular cyclic GMP (cGMP) in chondrocytes and thereby regulates cellular function (reviewed by Nakao et al., 1992) . In the ATDC5 murine chondrocyte cell line, the administration of either CNP or 8-bromo-cGMP strongly and dose-dependently inhibits the induction of ERK/MAPK phosphorylation by either Fgf2 or Fgf18 while having no effect on phosphorylation of Stat1 (Ozasa et al., 2005) . It was also found that the administration of either Fgf2 or Fgf18 markedly reduced CNP-dependent intracellular cGMP production (Ozasa et al., 2005) . Thus, CNP and FGF activate mutually antagonistic signaling pathways. Furthermore, in rat chondrosarcoma (RCS) chondrocytes, CNP signaling blocks Fgf2-mediated activation of both MEK1 and Raf1 but not that of the Ras oncogene (Krejci et al., 2005) , demonstrating that CNP blocks the MAPK pathway at the level of Raf1. These and other observations prompted Krejci et al. to propose that CNP-mediated elevation in cGMP activates protein kinase G, which in turn phosphorylates Raf1 at Ser43, resulting in the uncoupling of the Ras/Raf1 interaction and inactivation of the MAPK pathway (Krejci et al., 2005) . Consistent with the notion that CNP/Npr2 signaling counters that of Fgfr3 in the growth plate, a loss-of-function mutation in Npr2 results in dwarfism in mice (Tamura et al., 2004; Tsuji and Kunieda, 2005) and thus phenocopies gain-of-function mutations in Fgfr3. Taken together, these studies have established that antagonistic signaling pathways cued by either CNP/Npr2 or Fgf18/Fgfr3 are very finely balanced in the growth plate to maintain the appropriate rate of chondrocyte hypertrophy.
A nexus of signaling pathways regulates initiation of the hypertrophic chondrocyte differentiation program As discussed above, four key ligands modulate the initiation of chondrocyte hypertrophy: PTHrP, Ihh, Fgf18 and CNP. The highest expression levels for both Fgfr3 (which transduces the Fgf18 signal from the perichondrium) and Pth1r (which transduces the PTHrP signal from periarticular chondrocytes) in the growth plate are found in prehypertrophic chondrocytes (de Frutos et al., 2007) . For both these receptors, engagement with their cognate ligand blocks the progression of chondrocyte hypertrophy. However, what triggers the onset of chondrocyte hypertrophy? The relative level of PTHrP signaling in columnar chondrocytes is controlled by both the distance these cells lie from the source of PTHrP and the level of Ihh secreted by prehypertrophic chondrocytes, which induces expression of PTHrP in chondrocytes adjacent to the joint. Thus, only cells that lie at a sufficient distance from the source of PTHrP, and therefore display both decreased expression of Zfp521 and nuclear-localized Hdac4, can initiate Mef2/Runx-driven hypertrophic chondrocyte gene expression. As discussed above, CNP and Fgf18 activate antagonistic signaling pathways via Npr2 and Fgfr3, respectively, which differentially regulate the MAPK pathway that blocks the initiation of chondrocyte hypertrophy ( possibly by maintaining the expression of Snail1 and/or Sox9). Thus, the level of activated MAPK in prehypertrophic chondrocytes is determined by the relative level of Npr2 signaling (which represses this pathway) and Fgfr3 signaling (which activates this pathway) in these cells. Although Fgf18 is secreted by cells in the perichondrium, CNP is secreted by both proliferating and prehypertrophic chondrocytes. Thus, as more proliferating and prehypertrophic chondrocytes are generated, these immature chondrocytes will secrete greater amounts of CNP. Eventually, when CNP/Npr2 signaling is sufficient to negate Fgfr3-driven activation of MAPK in prehypertrophic chondrocytes, hypertrophic differentiation of these cells will commence. In this sense, the mutual antagonism between the CNP and Fgf18 signaling pathways can be viewed as a sensing mechanism to ensure that a sufficient number of proliferating and prehypertrophic chondrocytes are present to initiate the hypertrophic chondrocyte differentiation program in that subset of these cells that lies distal to the source of PTHrP signals.
IGF1 signaling controls the last phase of growth during chondrocyte hypertrophy
Loss of IGF1 signaling is known to severely decrease long bone growth in both mice (Liu et al., 1993; Powell-Braxton et al., 1993) and human (Woods et al., 1996) . In mice engineered to lack IGF1, chondrocyte numbers and proliferation are normal in the growth plates, but the size of the hypertophic chondrocytes is ∼30% smaller in the direction of elongation than in wild-type mice (Wang et al., 1999a) . Recently, Cooper and colleagues have extended these findings to document that chondrocyte hypertrophy proceeds via three phases of volume increase, with the final phase involving a proportional increase in dry mass with a relatively low density of cellular contents (Cooper et al., 2013) . This last phase of chondrocyte enlargement is dependent upon IGF1 signaling (Cooper et al., 2013) .
The terminal phases of chondrocyte hypertrophy: regulation by EGFR and ROS Initiation of the terminal phase of chondrocyte hypertrophy is marked by a loss of Col10a1 expression, coupled with the induction of VEGFA and the metalloproteinases, Mmp9 and Mmp13. VEGFA signaling is necessary to promote vascular invasion and consequent remodeling of the cartilage tissue by osteoblasts and osteoclasts (Zelzer et al., 2002 (Zelzer et al., , 2004 . Mmp9 and Mmp13 similarly play a crucial role in promoting vascular invasion of the hypertrophic matrix; mice that lack both these metalloproteinases display a considerable increase in the zone of the growth plate containing Col10a1-expressing hypertrophic chondrocytes (Inada et al., 2004; Stickens et al., 2004) . What signals trigger this terminal phase of chondrocyte hypertrophy? Recent studies have demonstrated that signaling via the EGF receptor (Egfr) plays a crucial role in orchestrating this transition. Mice that have been engineered to express herstatin (a soluble Erbb2 receptor that acts in a dominant-negative manner to inhibit Egfr signaling) in developing limb buds display an expanded hypertrophic zone in their limbs (Fisher et al., 2007) . Furthermore, Qin and colleagues have demonstrated that the administration of an Egfr-specific smallmolecule inhibitor, gefitinib, to 1-month-old rats results in significant epiphyseal growth plate thickening and massive accumulation of early hypertrophic chondrocytes that express Col10a1 (Zhang et al., 2011) . The growth plates in gefitinibtreated animals display both increased expression of Col10a1 and markedly decreased expression of Mmp9, Mmp13 and RANK ligand (RANKL; Tnfsf11 -Mouse Genome Informatics), which supports osteoclast development (Zhang et al., 2011) . Consistent with these findings, the same workers demonstrated that the chondrocyte-specific knockout of Egfr significantly enlarges the length of the hypertrophic zone in postnatal mice (Zhang et al., 2011) . Two ligands for the EGF receptor, EGF and TGFα, are expressed in both the prehypertrophic and hypertrophic zones, but not in the proliferative zone of chick growth plates during early postnatal growth (Ren et al., 1997) . Importantly, Tgfa-null mice display transient expansion of the early hypertrophic zone of the growth plate, coupled with decreased expression of Runx2, RANKL and Mmp13 in this structure (Usmani et al., 2012) . Taken together, these findings strongly support the notion that Egfr signaling (cued by both EGF and TGFα) plays a crucial role in orchestrating the transition of Col10a1-expressing early hypertrophic chondrocytes into late hypertrophic cells that express Mmp9, Mmp13 and RANKL.
How does EGFR signaling act to block the expression of Col10a1 while promoting that of Mmp9, Mmp13 and RANKL? Qin and colleagues have noted that, although upregulation of Mmp9 and RANKL by Egfr signaling is partially mediated by the canonical Wnt/β-catenin pathway, Egfr-induced expression of Mmp13 is mediated via a distinct pathway (Zhang et al., 2013) . Conditional knockout of both Erk1 and Erk2 in the mesenchymal precursors of the appendicular skeleton resulted in a remarkable expansion of the Col10a1 expression domain within the growth plate, coupled with a lack of expression of late hypertrophic markers such as VEGFA and RANKL in this tissue (Matsushita et al., 2009) . This is similar to the phenotype observed following loss of Egfr signaling in the growth plate (Zhang et al., 2011) . In addition to activating the ERK and p38 pathways (outlined in Zhang et al., 2013) , growth factors such as EGF are known to stimulate the generation of hydrogen peroxide via activation of the NADPH oxidase Nox1, by a mechanism involving PI3K and Rac1 (Bae et al., 1997; Fan et al., 2005) . Notably, Morita et al. found that reactive oxygen species (ROS) are specifically generated in the hypertrophic zone of the growth plate (Morita et al., 2007) . Moreover, this same group demonstrated that the treatment of newborn mice with an antioxidant (N-acetylcysteine) decreases the length of the hypertrophic zone in their growth plates, and that application of hydrogen peroxide to a chondrocyte cell line robustly induces the expression of Mmp13 (Morita et al., 2007) . Taken together, these findings suggest that Egfr signaling may promote the terminal stages of chondrocyte hypertrophy in a manner that is dependent upon both ERK signaling and ROS production.
The ultimate fate of growth plate chondrocytes For many years it has been appreciated that apoptosis is detectable at the chondro-osseous front in the growth plate (i.e. the border between late hypertrophic chondrocytes and bone matrix) (Gibson, 1998; Shapiro et al., 2005) , suggesting that initiation of an apoptotic program of cell death is the ultimate fate of late hypertrophic chondrocytes. However, the morphology of some late hypertrophic chondrocytes also suggests that some of these cells may undergo transformation into osteoblasts (reviewed by Roach et al., 1995) . By employing mice in which Cre recombinase has been knocked into one allele of the Col10a1 locus, or those in which the expression of a Cre-transgene is driven by Col10a1 regulatory elements, Cheah and colleagues recently demonstrated that a considerable number of hypertrophic chondrocytes that previously expressed Col10a1 do indeed go onto become osteocytes located in the trabeculae of bones (Yang et al., 2014) . The parameters that dictate whether a hypertrophic chondrocyte will either undergo apoptosis or initiate the osteogenic differentation program and survive in the bone matrix are not yet understood.
Conclusions
During the past decade, excellent progress has been made in elucidating both the signaling pathways and the transcriptional regulatory networks that control the induction of chondrogenesis and the maturation of immature chondrocytes into hypertrophic chondrocytes in the growth plate. Mechanical signals (see Box 2) have also been shown to be important regulators of both chondrocyte proliferation and bone morphology. However, the details regarding how these various signals modulate either the expression and/or activity of the relevant transcription factors is only beginning to be explored. Such a detailed molecular understanding will be necessary to fully comprehend how either the initiation of chondrogenesis or growth plate expansion is regulated with such precision during vertebrate development. In addition, we anticipate that this type of knowledge could be harnessed to develop novel therapeutics that regulate the process of endochondral ossification to reverse various skeletal pathologies, including chondrodysplasias.
Box 2. The effect of mechanical signals during chondrogenesis Studies of paralyzed chick and mouse embryos have revealed that various cartilaginous skeletal elements were shorter and bone eminences were significantly smaller (Hamburger and Waugh, 1940; Hosseini and Hogg, 1991; Rot-Nikcevic et al., 2006; Blitz et al., 2009; Nowlan et al., 2010) , and that the size of the proliferative zone (and number of proliferating chondrocytes) in the growth plates of long bones is reduced relative to control embryos (Germiller and Goldstein, 1997; Roddy et al., 2011) . Further support for the involvement of mechanical stimulation in chondrocyte proliferation is provided by a study in which cyclic mechanical stimulation of rabbit premaxillae accelerated the rate of chondrocyte proliferation (Wang and Mao, 2002) . The mechanical regulation of chondrocyte proliferation affects not only the length of the bone but also its morphology. For example, both the 'mini' growth plate of bone eminences and the endochondral ossification-mediated repair of bone fractures are controlled by muscle loading (Blitz et al., 2009; Rot et al., 2014) . Another way to affect growth plate activity is by regulating chondrocyte intercalation into columns. This process highly resembles convergent extension, a well-studied morphogenetic process whereby changes in cell organization affect tissue/organ shape. This process facilitates skeletal elongation and contributes to morphogenesis. Mechanical force is a key regulator of chondrocyte intercalation in zebrafish craniofacial development, whereas in mice it contributes to elongation of chondrocyte columns (Shwartz et al., 2012) . The planar cell polarity pathway is also known to play an important role in directing appropriate morphogenesis of the growth plate (reviewed by Gao and Yang, 2013) , and it will be interesting to elucidate how mechanical motion is integrated with this pathway.
